Abstract Leptin plays an important role in regulating adipose-tissue mass. Leptin controls energy balance and food intake through the leptin receptor in the hypothalamus of the brain, which suggests that some polymorphisms of the leptin receptor gene (LEPR) might contribute to obesity or obesity-related diseases. In an effort to identify genetic polymorphisms in a potential candidate gene for obesity and type 2 diabetes mellitus (T2DM) in the Korean population, we have sequenced the LEPR gene. Thirty-five sequence variants were identified (including 9 novel polymorphisms): 1 single nucleotide polymorphism (SNP) in the promoter region, 1 SNP in the 5¢ UTR, 8 SNPs in exons (3 non-synonymous SNPs), 23 SNPs in introns, 1 ins/del in the 3¢ UTR, and 1 SNP in the 3¢ downstream region. To investigate possible association of LEPR polymorphisms with body mass index (BMI) and the risk of T2DM, we genotyped for 11 polymorphisms in the Korean population (n=1,463). Using statistical analyses, no significant associations between the genetic polymorphisms in the LEPR gene and the risk of T2DM were detected. However, one non-synonymous SNP in exon 3, +5193G>A (Arg109Lys), showed marginal association with BMI (P=0.02) and gene dose-dependent genetic effects were observed. The present study provides information about additional genetic polymorphisms in LEPR and positive associations of those polymorphisms with BMI in the Korean population.
Introduction
Leptin (LEP) is a well known anti-obesity hormone that regulates body weight through its effects on food intake and energy expenditure (Zhang et al. 1994; Halaas et al. 1995; Pelleymounter et al. 1995) . The leptin receptor (LEPR) is a single transmembrane protein belonging to the superfamily of cytokine receptors, and has several alternatively spliced isoforms that are distributed in many types of tissue (Tartaglia et al. 1995; Woods and Stock 1996; Friedman and Halaas 1998; Mantzoros and Flier 2000) . Leptin and its receptor are known to play a role in glucose metabolism. For instance, leptin exerts insulin-and glucose-lowering effects by enhancing peripheral insulin sensitivity and glucose uptake (Cohen et al. 1996; Berti et al. 1997; Sivitz et al. 1997; Aiston and Agius 1999; Ceddia et al. 1999; Fukuda et al. 1999 ). In addition, leptin receptors are present on pancreatic betacells, which could offer one mechanism by which leptin could modulate glucose-induced insulin secretion (Kieffer et al. 1996 (Kieffer et al. , 1997 Emilsson et al. 1997) .
Obesity occurs due to the combined effects of genes, environment, lifestyle, and the interactions of these factors (Bouchard 1994; Mantzoros 1999) . Leptin levels increase with increasing amounts of fat mass Considine et al. 1996) , suggesting that obesity is a leptin-resistant state in humans. Therefore, it could be suggested that genetic variation at the LEPR locus and/or postreceptor defects may play a significant role in type 2 diabetes mellitus (T2DM) and the pathophysiology of human obesity.
Since the LEPR has a functional importance for obesity, a number of studies of LEPR association with obesity and/or obesity-related diseases have been performed to date. Two non-synonymous polymorphisms in LEPR have mainly been examined (Arg109Lys in exon 3 and Arg223Gln in exon 5), e.g., lower body mass index (BMI) associated with Arg109 homozygotes in the Swedish population (Rosmond et al. 2000) ; higher weight gain and leptin levels associated with the Arg109 or the Arg223 alleles in the Dutch population (van Rossum et al. 2003) ; insulin sensitivity index and glucose clearance associated with Arg223Gln polymorphism (Chiu et al. 2004 ); higher insulin levels associated with higher prevalence of the Gln223 allele in the Mexican population (Guizar-Mendoza et al. 2005) ; and higher leptin levels associated with a Lys109Arg or Gln223Arg mutation in young Dutch adults (van Rossum et al. 2003) .
In the present study, we re-sequenced the À1,500 5¢ flanking region and all exons, including +/À 50 bp exon-intron boundaries, to discover additional polymorphisms in LEPR, and examined the genetic association with the risk of T2DM and diabetic phenotypes in the Korean population (n=1,463).
Materials and methods

Subjects and measurements
A total of 775 unrelated patients with T2DM and 688 unrelated nondiabetic control subjects were recruited. Nondiabetic control subjects were recruited from an unselected population undergoing a routine health checkup at Seoul National University Hospital. Inclusion criteria were as follows: 60 or more years of age, no past history of diagnosis of diabetes, no diabetes in first-degree relatives, fasting plasma glucose level less than 6.1 mmol/l, and HbA1c less than 5.8%. The diabetic subjects were randomly recruited from patients attending the outpatient clinic of Seoul National University Hospital, Seoul, Korea. Diabetes was diagnosed based on American Diabetes Association (ADA) criteria (The expert committee on the diagnosis and classification of diabetes mellitus 1997). Subjects positive for glutamate decarboxylase (GAD) antibodies were excluded. All subjects enrolled in this study were of Korean ethnicity. The study protocol was approved by the Institutional Review Board of the Clinical Research Institute at Seoul National University Hospital. Informed consent was obtained from all subjects before drawing blood. All study subjects were examined in the morning after an overnight fast. Height, weight, circumferences of waist and hip, and blood pressure were measured. Blood samples were drawn for biochemical measurements [fasting plasma glucose, postprandial 2-h glucose, fasting plasma insulin, HbA1c, total cholesterol, triglyceride, and high-density lipoprotein (HDL) cholesterol] and DNA extraction. The insulin resistance index HOMA IR (homeostasis model assessment) was calculated as fasting serum insulin (pmol/l)·fasting plasma glucose (mmol/l)/135 (Matthews et al. 1985) . The clinical characteristics of the subjects are shown in Table 1 .
Sequencing analysis of the human LEPR gene
We sequenced all exons, including exon-intron boundaries and the promoter region ($1.5 kb), to discover single nucleotide polymorphisms (SNPs) in 24 Korean DNA samples using an ABI PRISM 3700 DNA analyzer (Applied Biosystems, Foster City, CA). Twentytwo primer sets for amplification and sequence analysis were designed based on GenBank sequences (accession numbers: LEPR mRNA NM_002303 and genomic sequence NT_032977). Information regarding primers is available at http://www.snp-genetics.com/reference/ Supplementary information to LEPR.doc Sequence variants were verified by chromatograms. Genotyping with fluorescence polarization detection For genotyping of polymorphic sites, amplifying primers and probes were designed for TaqMan (Livak 1999) . Primer Express (Applied Biosystems) was used to design both the PCR primers and the MGB TaqMan probes. One allelic probe was labeled with the FAM dye and the other with the fluorescent dye VIC. PCR was carried out in TaqMan Universal Master mix without UNG (Applied Biosystems), with PCR primer concentrations of 900 nM and TaqMan MGB-probe concentrations of 200 nM. Reactions were performed in a 384-well format in a total reaction volume of 5 ll using 20 ng genomic DNA. The plates then were placed in a thermal cycler (PE 9700, Applied Biosystems) and heated at 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. The TaqMan assay plates were transferred to a Prism 7900HT instrument (Applied Biosystems) where the fluorescence intensity in each well of the plate was read. Fluorescence data files from each plate were analyzed using automated software (SDS 2.1). Information regarding the primers is available on our website (http://www.snp-genetics.com/reference/ Supplementary information to LEPR.doc).
Statistics
To determine whether each individual variant was in equilibrium at each locus in the population (HardyWeinberg equilibrium), v 2 tests were used . Haplotypes and their frequencies were inferred using the algorithm developed by Stephens and co-workers (Considine et al. 1996) . Logistic regression analyses were used for calculating P-values, controlling for age, BMI, and sex as covariates. Multiple regressions while adjusting for age and sex were used for association analyses of metabolic phenotypes. Haplotype associations were analyzed using the algorithm developed by Schaid et al. (Haplo.Score and Haplo.GLM; Schaid et al. 2002) , controlling for age and sex as covariates. Only nondiabetic subjects were used for association analyses of BMI, as treatment of T2DM may have affected BMI in diabetics.
Results
To discover polymorphisms, we sequenced all exons and their boundaries, including 1.5 kb upstream of the LEPR gene, with 24 unrelated Korean DNA samples. We identified 35 sequence variants (including 9 novel polymorphisms): 1 SNP in the promoter region, 1 SNP in the 5¢ UTR, 8 SNPs (including 3 non-synonomous SNPs) in coding sequences, 23 SNPs in introns, 1 ins/del in the 3¢ UTR, and 1 SNP in the 3¢ downstream region. The location of these polymorphisms in relation to the genomic structure of the LEPR gene is shown in Fig. 1a . No deviations from Hardy-Weinberg equilibrium were observed [see Table S1 (Supplementary Material)]. By pair-wise linkage analysis among polymorphisms, we have found that six sets of SNPs were in absolute linkage disequilibrium (LD) (|D¢|=1 and r 2 =1; Fig. 1a ). Eleven SNPs [À141013T>C, À140259C>T, À186A>G, +5193G>A (Arg109Lys), +7187A>C, +27265G>A (Arg223Gln), +35861T>C (Ser343Ser), +43285C>T (Asn567Asn), +44704G>C (Lys656Asn), +50416A>G and +52289A>G] were selected for larger-scale genotyping based on LDs, position, frequencies, and haplotype tagging status. Eight haplotypes (frequency >0.02) were constructed by 11 SNPs (Fig. 1b) , and coefficients of linkage disequilibrium, (|D¢|) and r 2 , of all pair-wise SNPs were also calculated (Fig. 1c) . Information regarding frequencies, heterozygosity, and HardyWeinberg equilibrium is shown in Table S1 . Among common haplotypes identified in the Korean population, those with frequencies greater than 0.05 were used for further analysis.
Associations of LEPR polymorphisms with the risk of T2DM and BMI were analyzed using logistic and multiple regressions, while adjusting for age and sex (775 T2DM patients and 688 normal subjects) as covariates. As a result, we found that two polymorphisms, +35861T>C (Ser343Ser) in exon 8 and +50416A>G in intron 13, were marginally associated with increased risk of T2DM (P=0.05 and 0.05, respectively, Table 2 ), and that one non-synonymous SNP in exon 3, +5193G>A (Arg109Lys), was also weakly associated with BMI among nondiabetic controls ( Table 3 ). As a result, we found that two polymorphisms, +35861T>C (Ser343Ser) in exon 8 and +50416A>G in intron 13, were marginally associated with increased risk of T2DM (P=0.05 and 0.05, respectively, Table 2 ), and that one non-synonymous SNP in exon 3, +5193G>A (Arg109Lys), was also weakly associated with BMI among nondiabetic controls (Table 3) , i.e., the lowest BMI level (23.44±2.96) was found among individuals homozygous for the major alleles (G/G, Arg/Arg), an intermediate level (23.74±3.19) was measured among heterozygous subjects (G/A, Arg/Lys), and the highest level (24.72±3.83) occurred among those homozygous for the minor allele (A/A, Lys/Lys) (P=0.02, Table 3 ). However, this nonsynonymous SNP was not associated with other clinical profiles such as waist/hip ratio, cholesterol, triglyceride, blood glucose level, HDL cholesterol, SBP (systolic blood pressure), DBP (diastolic blood pressure) and logtransformed HOMA-IR (see Table S4 , Supplementary material). In addition, although not statistically significant (P=0.06, Table 3 ), +27265G>A (Arg223Gln) was also weakly associated with BMI.
Discussion
Research attempts to discover additional polymorphisms in important genes that may potentially be involved in major human diseases can provide valuable information for further genetic epidemiology study. It is well known that some SNPs in the NCBI database have not been validated in population samples, although the content of the NCBI SNP database is rapidly updated though worldwide efforts such as the international HapMap project (http://www.hapmap.org/). LEP and its receptor, LEPR, may be among the most interesting and relevant genes for obesity studies. In this study, we identified 35 sequence variants in LEPR, including 9 novel polymorphisms and several SNPs, which have not been confirmed in population samples. Although the potential effects of LEPR polymorphisms [in particular, +5193G>A (Arg109Lys) and +27265G>A (Arg223Gln)] on obesity have been evaluated in various populations, the genetic effects of LEPR on obesity phenotypes are still controversial. The non-synonymous SNP on exon 3, +5193G>A (Arg109Lys), has been reported to be associated with BMI in the Swedish population (Rosmond et al. 2000) , and with fasting insulin level in the Belgian population (Wauters et al. 2001) . The +27265G>A (Arg223Gln), non-synonymous SNP on exon 5, has shown positive association with blood pressure (Rosmond et al. 2000) , obesity, BMI, fat mass (Yiannakouris et al. 2001; Mattevi et al. 2002) , cholesterol levels (Takahashi-Yasuno et al. 2003) , insulin level, insulin sensitivity, and glucose clearance (Chiu et al. 2004; Guizar-Mendoza et al. 2005) . However, one meta-analyses with nine studies on LEPR gene polymorphisms [+5193G>A (Arg109Lys) and +27265G>A (Arg223Gln)] suggested that, although certain genotypic effects could be populationspecific, there was no statistically compelling evidence that either of the two LEPR alleles is associated with BMI in the overall population by heterogeneity tests, which showed that the variations of the non-significant effects were within the range of sampling variation (Heo et al. 2002) .
In this study, we found that +5193G>A (Arg109-Lys) on exon 3 was weakly associated with BMI among nondiabetic controls. The genetic effects of +5193G>A (Arg109Lys) in the Korean population were in accor- Table 3 Regression analyses for age-and sex-adjusted BMI with LEPR polymorphisms among nondiabetic subjects. C/C, C/R, R/R Homozygotes for the common allele, heterozygotes and homozygotes for the rare allele, respectively. Genotype distribution, means, and standard deviation (SD) of BMI, and P-values for regression analyses of the co-dominant model are shown. P-values of haplotype associations were calculated using the algorithm developed by Schaid et al. (Haplo.Score) dance with the study of the Swedish population, as increased BMI was found to be associated with Lys/Lys homozygotes (Rosmond et al. 2000) . Likewise, +27265G>A (Arg223Gln) showed a trend of genetic effects on BMI similar to the results from a Greek population study (Yiannakouris et al. 2001) , i.e.., higher BMI among individuals with the Gln allele. The genetic effects of +5193G>A (Arg109Lys) and +27265G>A (Arg223Gln) on T2DM had been previously studied in the Finnish population (Santaniemi et al. 2004; Salopuro et al. 2005) . Santaniemi et al. (2004) examined the genetic effect of +27265G>A (Arg223Gln) and found no association. On the other hand, Salopuro et al. (2005) reported that the Lys109 allele of +5193G>A (Arg109Lys) and the Gln223 allele of +27265G>A (Arg223Gln) were associated with increased risk of T2DM. However, in the present study, we failed to replicate the association between +5193G>A (Arg109Lys) and +27265G>A (Arg223Gln) and T2DM in the Korean population. These divergent results may be due to the differences of ethnicity and/or study subjects.
Although our results that two polymorphisms [+35861T>C (Ser343Ser) in exon 8 and +50416A>G in intron 13] were marginally associated with increased risk of T2DM (P=0.05 and 0.05, respectively), could not retain significance after correction of multiple testing, further studies are needed to confirm the putative genetic association revealed in this study given the important function of this gene.
In summary, in an effort to determine the possible involvement of genetic polymorphisms of LEPR in BMI and T2DM, we have discovered 35 polymorphisms and genotyped 11 polymorphisms in the Korean population (775 T2DM patients and 688 normal subjects). Statistical analyses revealed that (1) the polymorphism +5193G>A (Arg109Lys) on exon 3 have marginal association with BMI among nondiabetic controls, and (2) two polymorphisms, +35861T>C (Ser343Ser) in exon 8 and +50416A>G in intron 13, were weakly associated with increased risk of T2DM. Further biological and/or functional evidence would be needed to confirm the association of LEPR polymorphisms with T2DM and BMI suggested in this study.
